There has been recent controversy about whether activation in the human inferior frontal gyrus (IFG) and Brodmann Area (BA) 6 when observing actions indicates operation of mirror neurons. Recent functional magnetic resonance imaging (fMRI) data have demonstrated repetition suppression (RS) effects in posterior IFG which are consistent with the presence of mirror neurons in humans. Here we investigated whether there were similar RS effects elsewhere in the IFG and BA6, or whether, instead, activation in other locations may signal operation of alternative mechanisms. Replicating previous findings, we found RS effects in posterior IFG consistent with the operation of mirror neurons. However, these effects were not found in other locations in IFG and BA6. Additionally, activation patterns in anterior regions of IFG suggested dissociable operations when observing and executing actions. Therefore, caution should be exercised when claiming that activations in many locations during action observation indicate the operation of mirror neurons. Activation may instead reflect alternative mechanisms, such as encoding of the semantic features of actions.
Introduction
Mirror neurons are a class of neuron that was first discovered in the premotor area F5 of the macaque monkey (Di Pellegrino et al., 1992; Gallese et al., 1996; Rizzolatti et al., 2001; Umilta et al., 2001) , and subsequently demonstrated to be present in a region of the inferior parietal lobule, area PF (Fogassi et al., 2005; Gallese et al., 2002) . The defining property of mirror neurons is that they discharge not only when the monkey executes a certain action (e.g. precision grip) but also when the monkey observes a similar action performed by the experimenter.
Neuroimaging studies have provided evidence of activation in similar cortical areas when humans observe and execute actions (Buccino et al., 2001; Decety et al., 1997; Gazzola and Keysers, 2009; Grezes and Decety, 2001; Hamilton and Grafton, 2006; Rizzolatti et al., 1996) . Such human neuroimaging studies have reported activations throughout the inferior frontal gyrus (IFG), including Brodmann Area (BA) 45 and BA44, as well as ventral BA6 (see Dinstein et al., 2007; Morin and Grèzes, 2008) and even dorsal BA6 (Calvo-Merino et al., 2005) . Despite such large differences in the loci of activity such effects are all interpreted as reflecting the operation of mirror neurons (Calvo-Merino et al., 2005; Dinstein et al., 2007; Morin and Grèzes, 2008) . This is at odds with the data from the macaque monkey where mirror neurons are reported to be mainly located in a subregion of area F5; F5c (Belmalih et al., 2009; Nelissen et al., 2005) . It has recently been argued that this apparent disparity in the reported spatial extent between humans and macaque monkeys could reflect the fact that an increase in the BOLD signal in the IFG or BA6 during observation and execution of an action does not necessarily reflect mirror neuron activity (Dinstein et al., 2007 Dinstein, 2008) . Although one would predict that mirror neuron activity during action observation would lead to an increase in the BOLD signal, the reverse inference is not necessarily truethat an increase in the BOLD signal during action observation is driven by mirror neuron activity. It has been proposed that the best approach to attribute the fMRI response to a single neuronal population encoding observation and execution of the same action is fMRI repetition suppression (RS) (Dinstein et al., 2007; Malach, in press ). This approach assumes that as stimuli that evoke activity in a specific neuronal population are repeated, the magnitude of the BOLD response decreases or adapts. Areas of the cortex that contain mirror neurons should show RS both when a specific action is executed and subsequently observed and when an action is observed and subsequently executed (as well as when an action is observed or executed twice). Using such an fMRI RS paradigm, a recent study showed significant effects in human IFG that are consistent with the presence of mirror neurons (Kilner et al., 2009) . These effects were observed in only the posterior part of the IFG.
The hypothesis that the human IFG and BA6 contain functionally dissociable mechanisms that operate when observing and executing actions is tested here. We employed an fMRI RS paradigm in which fourteen right handed subjects repeatedly observed or executed one of two actions performed by the right hand -a precision grip or an index finger ring pull (Kilner et al., 2009 and Fig. 1 ). We show (1) that only activity in the most posterior parts of the IFG, at the border of BA44 and ventral BA6, is consistent with the presence of mirror neurons and (2) that the pattern of activity in this region is functionally dissociable from activity in both anterior BA44 and BA47.
Materials and methods

Subjects
Data were recorded from 14 healthy right-handed subjects (7 females, 25-45 yrs). All subjects gave written informed consent prior to testing and the recordings had local ethical committee approval.
Procedure
The task employed in this study was identical to the one we have previously used (Kilner et al., 2009) . Subjects were asked to either observe or execute one of two actions performed by the right hand -a precision grip or an index finger pull. The actions were made in a way that required only movements around the wrist and the hand, thus minimising movement artefacts in the fMRI data.
In the scanner on each trial subjects were presented with pairs of stimuli sequentially. These pairs could consist of two executions, two observations, or mixed execution and observation conditions. During the observation conditions subjects observed a video of one of the actions -index finger ring pull or precision grip. In total there were 28 different exemplar videos of each movement made by two different actors; one female and one male. Each video lasted~750 ms. Subjects were required to execute an action according to the direction in which an arrow on the screen pointed. The arrow either pointed up the screen -indicating the index finger ring pull -or left -indicating the precision grip (Fig. 1 ). Subjects were trained prior to scanning to execute the correct action as rapidly as possible following the imperative cues. These imperative cues were presented for 500 ms.
Trials were categorised into 8 types: execute-execute same action type (defined by whether it was a ring pull or precision grip; EEs), execute-execute different action type (EEd), observe-observe same (OOs), observe-observe different (OOd), execute-observe same (EOs), execute-observe different (EOd), observe-execute same (OEs) and observe-execute different (OEd). Within each trial there was a 500 ms gap between presentations of the two stimuli and there was a between-trial jittered 'wait' with a mean of 5000 ms (sd 1000 ms). Subjects performed 3 sessions, where each session consisted of 96 trials with each of the 8 trial types presented 12 times.
Data acquisition and analysis
We acquired T2*-weighted echo-planar images (EPI) with blood oxygen-level dependent (BOLD) contrast on a 3 T whole-body MRI scanner (Magneton TIM TRIO, Siemens Healthcare, Erlangen, Germany) operated with a 32-channel RF head receive and body transmit coil. A total of 186 volumes were collected for each of the 3 sessions. These included 6 dummy volumes at the start of each session to allow for T1 equilibration. In contrast with the previous study (Kilner et al., 2009) , here each volume consisted of 48 slices allowing a whole brain analysis as opposed to restricting the analysis to the posterior regions of BA44 and ventral BA6. Imaging parameters were: in-plane resolution 3 mm× 3 mm, slice thickness 2 mm with 1 mm interslice gap, TR 70 ms, 64 × 74 matrix, extended field of view (FoV). T1-weighted structural scans with 1 mm isotropic resolution (MDEFT; Deichmann et al., 2004) were collected for each subject and were coregistered to the mean EPI image generated by the spatial realignment procedure.
Data pre-processing of the EPI functional scans included spatial realignment, normalisation to a standard EPI template in Montreal Neurological Institute (MNI) stereotactic space, and smoothing with a 4 mm (full-width at half-maximum) Gaussian Kernel, using SPM5 (www.fil.ion.ucl.ac.uk/spm). Inhomogeneities in the sensitivity profile of the 32-channel RF coil were corrected by applying the unified segmentation and bias correction to the EPI time-series as the first step (Ashburner and Friston, 2005) .
The event-related fMRI data were then analysed using a linear convolution model in the usual way: Stimulus functions comprised a set of delta functions corresponding to the onset times of the different conditions. The first stimulus of each within-trial pair was modelled by two regressors, one for a pair beginning with an execution condition and one for a pair beginning with the observation condition. For the second within-trial stimulus there were 8 different stimulus functions depending upon the trial category, modelled by a further 8 regressors (see above). In addition, the 'wait' period that occurred between every pair of stimuli was explicitly modelled. These functions were convolved with a canonical hemodynamic response function for explanatory variables or regressors. Subject-specific movement parameters and drift terms (high pass filter cut-off period, 128 s) were also modelled as covariates of no interest. Therefore, for each session there were 17 regressors at the first level. Condition- specific estimates of neural activity (betas), corresponding to the amplitude of the modelled response were computed at each voxel for each subject. For each effect of interest, contrasts were taken at the first level for each subject and taken to the second level (thus conforming to a classic random effects design). The contrasts of interest taken at the first level were the main effect of action type, same or different (EEs − EEd + OOs − OOd + OEs − OEd + EOs − EOd), the interaction between action type and modality switch ((EEs −EEd+ OOs −OOd) − (OEs −OEd +EOs −EOd)) and the interaction between action type, modality switch and first event prime ((EEs − EEd +OEs −OEd)− (OOs − OOd +EOs −EOd)). All voxels reported conform to MNI (Montreal Neurological Institute) co-ordinate space. For display, the right side of the image corresponds to the right side of the brain. In this study we employed three different statistical approaches. As the studied was intended to look at effects in the IFG and BA6 an initial analysis employed a single region of interest (ROI) approach, where the ROI consisted of left and right BA6, BA44, BA45 and BA47. This volume was created from published cytoarchitectonic maps (Eickhoff et al., 2005) . These regions were selected because they have previously been shown to be active during action observation and execution tasks. Any effects significant at pb 0.005 uncorrected within this ROI are reported, along with FWE correction for both peak and cluster levels where appropriate. Additionally, to test if any effects were consistent with previous results (Kilner et al., 2009) we employed a second ROI approach by applying a small volume correction of a sphere of 6 mm radius centred on the average coordinates of the previously published repetition suppression effects ( Table 2 in Kilner et al., 2009; [−52, 6, 22] and [56, 6, 24] for the left and right hemispheres respectively). Finally, all other effects outside of this ROI are reported controlling for FWE across the whole brain at the cluster level correction of p b 0.05, having first thresholded the images at an uncorrected threshold of p b 0.005. All further reported post-hoc analyses are based on the values extracted from peak co-ordinates from independent contrasts. These are described in detail in the text where appropriate.
Post-hoc analysis
Based on the results of the analysis described above we performed a post-hoc analysis to test the hypothesis that different regions of the IFG have significantly different patterns of activation. To this end we divided the IFG into six regions of equal volume and calculated the average beta for the EEs-EEd, OOs-OOd, EOs-EOd and OEs-OEd contrasts for each subject. The x and z coordinates were chosen to cover the anatomical areas in question (notably, the x-coordinates were chosen so that the majority of the volume for each section was in the brain, but as lateral as possible). The y-coordinates were selected likewise, but with an arbitrary split in BA44 to create equally sized ROIs with no shared voxels. To test whether the patterns of activations were significantly different between areas we performed a 3 × 2 × 2 × 2 repeated measures ANOVA where the factors were ROI (BA44/BA6, anterior BA44, BA47), hemisphere (Left or Right), Modality switch (within or cross modality) and first event prime (Execute or Observe). The degrees of freedom of the ANOVA were corrected for non-sphericity using a Greenhouse-Geisser correction. It should be noted that although we were as unbiased as possible when selecting these regions, this is a post-hoc analysis and these regions could not be defined either anatomically or a priori, therefore it is statistically biased.
Results
Two brain areas in the IFG showed lower activation when the same action was executed or observed for a second time, compared with a different action, irrespective of whether the first action was observed or executed or a modality switch (RS effect, see Fig. 2 ). This pattern was observed bilaterally in posterior regions of the IFG, corresponding to the border of BA44 and BA6 (peak voxel MNI coordinates [−56, 2, 20] and [56, 4, 12] ; p b 0.005 uncorrected, t = 3.69 and 3.42 respectively; Figs. 2A-C). However, neither of these effects survived FWE correction when correcting for the whole of the left and right IFG ROI (see Materials and methods). To test whether these effects were consistent with those previously published (Kilner et al., 2009) we employed a correction based on a sphere of 6 mm radius centred on the previously reported coordinates (see Materials and methods). Based on this small volume correction the activation in the left hemisphere was significant at p b 0.05 corrected for FWE at the peak and cluster level. Both of these BA44/BA6 areas also showed the basic properties of mirror neurons, namely that there was significantly greater BOLD response during both action execution and observation compared to rest (p b 0.05, t = 2.34 and 3.60 for left and right hemispheres respectively, t-test at the voxel of interest from the previous orthogonal analysis). This pattern of modulation satisfies the criteria necessary to demonstrate mirror neuron activity Dinstein, 2008) and replicates the results of a previous study with the same paradigm and actions (Kilner et al., 2009) . No other brain areas in the IFG or BA6 showed an RS effect regardless of modality of the action (observed or executed).
Two areas of IFG, middle-to-anterior BA44 bilaterally, showed a significant interaction between the action type, same or different, and modality switch, within or cross modality (peak voxel MNI co-ordinates [−46, 10, 22] and [62, 10, 12] ; p b 0.005 uncorrected, p b 0.05 cluster level corrected within ROI, t = 5.73 and 4.76 respectively; Figs. 3A-C). Here in both right and left hemispheres there was an RS effect withinmodality (t(13) = −3.2, p b 0.05 and t(13) = −1.91, p = 0.08 for right and left BA44 peak coordinates respectively) but a repetition enhancement (RE) effect cross-modality (t(13) = 2.9, p b 0.05 and t(13) = 2.05, p = 0.06 for right and left BA44 peak coordinates respectively). When the task, execute or observe, remained the same, the BOLD response showed a decrease on repetition of the same action (OO and EE, Fig. 3 ). In contrast, when there was a task switch (OE and EO) for the same action, there was an increase in the BOLD response.
At further anterior regions of IFG, corresponding to BA47, there was a significant interaction between the action type, same or different, modality switch (within or cross modality) and first event prime regions the interaction was driven by the magnitude of the BOLD response being less when an observed action was the same as the previous event irrespective of whether the first event was observed or executed, consistent with RS (OO and EO conditions in Fig. 4 ; t(13) = −3.6, p b 0.05 and t(13) = −3.5, p b 0.05 for right and left BA47 peak coordinates respectively). In contrast, when the second event was action execution, the BOLD response increased when the action was the same as the previous event compared to when the previous action was different, again irrespective of whether the first event was observed or executed (t(13)= 2.3, p b 0.05 and t(13) = 3.5, p b 0.05 for right and left BA47 peak coordinates respectively). This same pattern was also observed bilaterally in a region of middle temporal gyrus (MTG) corresponding to BA21/37 (peak voxel MNI co-ordinates [−54, −58, 6] and [58, −48, 4] ; p b 0.005 uncorrected, p b 0.05 FWE whole brain cluster level corrected, t = 6.49 and 8.08 respectively; Figs. 4D-F) .
Having performed a series of mass univariate analyses and shown evidence that different regions of the IFG show distinct patterns of modulation, we tested whether the pattern of BOLD responses was significantly different between ROIs by performing a post-hoc analysis (see Fig. 5 and Materials and methods). The only significant effects of the 3 × 2 × 2 × 2 repeated measures ANOVA were a 2 way interaction between modality switch and the prime (F(1,13) = 11.6, P b 0.05) and the 3 way interaction between ROI, modality switch and the prime (F(1.62,21.03) = 12.52, P b 0.05; Fig. 5B ). In other words, the pattern of RS or RE effects of the type shown in Figs. 2, 3 and 4 are significantly different throughout the IFG.
To investigate this further we performed three separate 2 × 2 × 2 × 2 repeated measures ANOVAs. When comparing BA44/BA6 and anterior BA44 ROIs the only significant effect was a significant interaction between the ROI and the modality switch (F(1,13) = 6.56, p b 0.05). When comparing BA44/BA6 and BA47 there was a 2 way interaction between the modality switch and the prime (F(1,13) = 11.6, p b 0.05) and a 3 way interaction between ROI, modality switch and the prime (F(1,13) = 17.0, p b 0.05). When comparing anterior BA44 and BA47 there was a significant effect of modality switch (F(1,13) = 7.11, p b 0.05), a 2 way interaction between modality switch and the prime (F(1,13) = 15.83, p b 0.05) and a 3 way interaction between ROI, modality switch and the prime (F(1,13) = 11.7, p b 0.05). However, it should be noted that although we were as unbiased as possible when selecting these regions, this analysis is post-hoc.
Discussion
It has been assumed for most of the last two decades that activations in many locations throughout the IFG and BA6 when humans observe actions reflect the operation of mirror neurons (e.g. Rizzolatti and Craighero, 2004) . However, these activations may serve a variety of functions; some of which will not involve mirror representations of action. The present study employed an fMRI RS paradigm to address where in the IFG and BA6 demonstrated repetition effects consistent with the presence of mirror neurons and also whether other areas of the IFG and BA6 were functionally dissociable.
The study demonstrated only two areas in IFG that displayed the RS characteristics predicted of mirror neurons, namely 1) lower activation to an action when the same action had been presented just before, and regardless of whether the first and second actions were observed or executed or switched between modalities, and 2) activation when observing and executing actions, relative to baseline. These areas were bilateral BA6/BA44 border. This effect replicates the findings of Kilner et al. (2009) , and is consistent with the existence of mirror neurons in humans.
There has been recent controversy surrounding the existence of mirror neurons at all in humans (e.g. Dinstein et al., 2007; Lingnau et al., 2009 ), due to inconsistency in findings. For example, Dinstein et al. (2007) found RS effects within IFG when rock-paper-scissors actions were repeatedly observed or executed, but no effects when switching modality. Lingnau et al. (2009) found an RS effect in left dorsal premotor cortex when mimed actions were observed and then executed, but not if they were executed and then observed. Of course, these studies should not be taken as evidence of absence of mirror neurons in humans; they reflect simply an absence of evidence. Even if considering these studies in isolation (ignoring the findings of Kilner et al., 2009 , and the present study), it might be the case that humans have mirror neurons, but that they do not alter their patterns of activation when stimuli that evoke their response are repeated. There are three underlying neural mechanisms that have been proposed to explain fMRI adaptation with repetition (cf. Grill-Spector et al. 2006 ): the fatigue model -where the neuronal firing rate is decreased with repetition, the facilitation model -where the input is processed more efficiently with repetition, and the sharpening model -where fewer neurons discharge with repetition. To date it is not known which of these mechanisms might best explain the fMRI adaptation effects observed here as there is no published literature on the effect of repetition on mirror neurons populations. Indeed, to date no study has demonstrated significant repetition suppression effects in single mirror neurons and some have argued that there are mechanistic reasons why mirror neurons might not show crossmodal adaptation (e.g. Rizzolatti and Fabbri-Destro, 2010) . However, given that the present study and Kilner et al. (2009) found crossmodal RS effects, there is evidence that repetition has an effect on the BOLD signal in areas that contain mirror neurons in the macaque monkey, and this needs to be explained. It should be noted though that the magnitude of these reported RS effects at the group level are statistically small and only significant here with a restricted search volume based on the co-ordinates from a previous study.
The fact that the present study only revealed activations consistent with mirror neuron activity in bilateral BA6/BA44 border suggests that extra caution should be exercised in interpretation when simple observation of action generates activation in the IFG and BA6. We are not claiming that activations elsewhere will not be found to reflect operation of mirror neurons; mirror representations of different actions may reside in alternative locations. For example, it has been suggested that dorsal BA6 contains mirror representations of foot actions, whereas mirror representations of hand actions lie ventral to these (Buccino et al., 2001) . It is also worth noting that the precise locus of the RS effects even for these action types is likely to differ with a different sample. However, the majority of previous neuroimaging studies investigating action observation have, up until now, placed all activations in approximately motor locations into a similar functional category-they are taken to indicate the operation of mirror neurons. The present study suggests that this assumption is likely to be incorrect. Rather, we suggest that the results of this study are more consistent with the idea that mirror neurons in IFG and ventral BA6 in humans are confined to a posterior region, as in the macaque monkey, and that modulation in the BOLD signal in other areas of the IFG is driven by functionally distinct processes. This hypothesis is consistent with the fact that the IFG in humans has been shown to contain cytoarchitecturally distinct regions (e.g. Amunts et al., 1999; Amunts et al., 2010) .
In more anterior bilateral BA44 areas, unimodal RS effects were observed but not crossmodal effects (RE effects were observed here). This finding is consistent with the presence of many neurons within the IFG that respond when only observing or executing an action (Rizzolatti and Craighero, 2004) , and may suggest that effects here when observing action reflect activation of perceptual representations of action, rather than 'mirror' representations, i.e., activated when observing and executing the same action. However, it has been reasoned that it is unlikely that there would be dissociable motor and perceptual populations in common locations which do not communicate (Rizzolatti and Fabbri-Destro, 2010) .
Alternatively, the activations in these anterior regions may encode the semantic properties of action, as these effects are in a region of IFG that has previously been proposed to be involved in semantic selection (Thompson-Schill et al., 1999) . This interpretation would be consistent with the fact that rather than simply observing no RS effects on crossmodal trials, we found RE effects. RE has been proposed to occur when "priming causes a new process to occur on the target that did not occur on the prime" (Henson, 2003) . More specifically, it has been argued that RE effects reflect the acquisition of new semantic representations for unfamiliar stimuli (Henson, 2003) . In this BA44 region the BOLD response has been shown to be greater when the repeat between the first and second presentations was accompanied with a task switch (Thompson-Schill et al., 1999) , and is therefore consistent with the RE effects found here on crossmodal trials.
In bilateral BA47, RS effects were found on observe trials, but RE effects on execute trials. Of interest, the same pattern was also observed bilaterally in a region of middle temporal gyrus (MTG) corresponding to BA21/37. These four areas have previously been demonstrated to be involved in the retrieval of semantic knowledge (Badre and D'Esposito, 2009; Binder et al., 2009; Turken and Dronkers, 2011; Wagner et al., 2001) . It has been found that activity in the temporal regions is greater for automatic retrieval whereas anterior ventral IFG is more active in conditions that require goal-directed access to semantic knowledge. It is possible that the RS effects occurred for repeated pairs in the present study when retrieving semantic representations which were strongly associated with the visual cue-i.e. when the subjects observed the action. In contrast, the RE effects may reflect the consolidation of weakly associated representations-i.e. the association between the executed action and the visual cue of the action, the arrow, which subjects would have learned for the first time in this experiment. If this were the case one would predict that activity in the anterior IFG would be greater when subjects simply executed the action compared to when they observed it, as has been observed previously when comparing the retrieval of weakly and strongly associated representations (Wagner et al., 2001) . We found some evidence in support of this. The magnitude of the BOLD response was significantly greater in BA47 when subjects executed compared to when they observed the action (peak voxel [−52, 16, −6] and [48, 26, −2] , t = 4.75 and 3.74, respectively; p b 0.005 uncorrected).
These different patterns of activation throughout the IFG are consistent with the hypothesis that there is a dissociation between more 'pragmatic' representations of an action (the parameters that are relevant to the motor commands when executing and observing an action; therefore the 'mirror' representations), and the semantic representations of the same action (including the goal and intentions; de Vignemont and Haggard, 2008; Hickok and Hauser, 2010; Jeannerod, 1994; Kilner, 2011) . Within this framework mirror neurons in the posterior IFG (area F5c in monkeys and BA44/BA6 in humans) would encode the pragmatic representations of observed actions and not the more abstract goals and intentions of the action. In contrast, more anterior regions in BA44 and BA47 may encode more abstract semantic representations of action. This dissociation of the more concrete pragmatic representations from the more abstract semantic representations of action along the rostro-caudal axis of the IFG is precisely what would be predicted by a recent model of the frontal lobe (Badre and D'Esposito, 2009; Kilner, 2011) .
One consequence of this framework is that it would require that mirror neurons do not encode the semantic representations of the action associated with the abstract goals and intentions, but rather they encode the concrete pragmatic representations of the action. This is consistent with hierarchical models of action understanding where action can be understood at different level of abstraction (Kilner et al., 2007a, b; Kilner, 2011) . Future work must establish the extent of communication between pragmatic and semantic pathways, to ascertain whether mirror neurons indeed play a role in understanding the goals and intentions underlying others' actions, as has been proposed widely (see Hickok, 2009; Hickok and Hauser, 2010; Kilner, 2011) .
Conclusions
The present study has found RS effects consistent with the existence of mirror neurons in humans in posterior IFG. More anterior areas of IFG display dissociable adaptation patterns, suggesting that caution should be exercised when proposing that activation simply when observing or executing action indicates the operation of mirror neurons. Effects in these more anterior regions of IFG are consistent with processing of semantic, rather than motoric, features of action.
